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Oil-water emulsionsAbstract The main objective of this work is to study the effect of cross flow filtration conditions on
the separation of oily wastewater using ceramic support and TiO2 membrane. Firstly, the low cost
clay based ceramic membrane support was prepared by uniaxial compaction method using combi-
nation of pyrophyllite, quartz, feldspar, kaolin, ball clay and calcium carbonate along with PVA as
a binder. Subsequently, TiO2 composite membrane was fabricated via hydrothermal route employ-
ing TiO2 sol derived from TiCl4 and NH4OH solution. Cross flow microfiltration investigations
were carried out by utilizing oil-water emulsion concentration of 200 mg/L at three distinct applied
pressures (69–207 kPa) and three cross flow velocities (0.0885, 0.1327, and 0.1769 m/s). Compared
to ceramic support, TiO2 composite membrane demonstrates better performance in terms of flux
and removal efficiency of oil and also the rate of flux decline during filtration operation is lower
due to highly hydrophilic surface of the TiO2 membrane. TiO2 membrane displays the oil removal
efficiency of 99% in the entire range of applied pressures investigation, while ceramic support shows
93–96% of oil removal.
 2016 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Recently, there has been renewed research interest in the fab-
rication and application of ceramic membranes for various
process schemes. This is primarily due to its advantageous fea-
tures, such as excellent combinations of mechanical, chemical
and thermal stability, longer shelf life, better cleaning/defoul-
ing properties and ability to survive in organic solvents [1].The primary benefits of the membrane separation process are
lower capital cost, elimination of secondary separation units,
compact design and higher separation factors. However, mem-
branes utilized in this process should be prepared from low
cost raw materials with simple manufacturing technique.
Adopting simple fabrication techniques, research in the field
of ceramic membranes primarily targets to explore newer types
of ceramic materials and their compositions to achieve mem-
branes with good performance characteristics. Numerous
research articles reported the manufacture of ceramic mem-
branes with expensive raw materials, including titania, silica,
a-alumina and zirconia, which involves higher sintering tem-
perature (>1200 C) [2–5]. In this context, preparation ofnd TiO2
2 K. Suresh, G. Pugazhenthithe membrane with inexpensive raw materials and lower sinter-
ing temperature would be beneficial to reduce the cost of the
ceramic membranes and consolidate their applications in
industrial processes. Moreover, majority of investigations elu-
cidate that expensive membrane supports were used for the
fabrication of composite membranes [6].
A series of literatures reported the manufacturing of low-
priced membranes using natural clays, including apatite pow-
der, raw clay, dolomite, Tunisian clay, kaolin, Algerian clay,
sepiolite clay and Moroccan clay [7,8]. The preparation of
ceramic membrane includes extra manufacturing complexities
that also contribute to the overall cost. Among different mem-
brane manufacturing methods, uniaxial dry compaction tech-
nique is easy and economically feasible. This method is
broadly utilized as a part of research facility scale and also
industry scale manufacturing techniques to fabricate the cera-
mic membranes [9]. Several methodologies have been proposed
and addressed for the fabrication of composite membranes,
which include dip-coating [10], chemical vapor deposition
(CVD) [11], electroless plating [12], in-situ hydrothermal syn-
thesis and microwave assisted hydrothermal treatment
[13,14]. The fabrication of ceramic composite membrane using
low cost ceramic supports via hydrothermal synthesis method
would be beneficial for industrial applications.
The oil contaminated wastewater created from various
industries needs to be treated before releasing into the environ-
ment. The commercial enterprises, for example, food process-
ing, petrochemical, petroleum refinery, transportation, and
metallurgical, are generating a larger amount of oil-water
emulsions in the concentration range of 50–1000 mg/L [15–
18]. The allowable limit of total grease and oil concentrations
in water bodies is around 10–15 mg/L [19,20]. The separation
of oil-water emulsions by routine techniques, for example,
gravity separation, coagulation and flocculation, skimming,
de-emulsification, dissolved air floatation, is not effective,
especially when the concentration of oil is low [21,22]. In this
way, currently, membrane technology innovation is being uti-
lized for the separation of oil-water emulsions owing to its
greater proficiency. Moreover, this technology has been grow-
ing an extensive interest for the separation of oil-water emul-
sions [21,23]. The treatment of stable emulsions, especially
water-dissolvable oil emulsion, needs further modern treat-
ment methods to meet the wastewater effluent standards [24].
In order to address this issue, the membrane separation pro-
cesses such as microfiltration (MF) and ultrafiltration (UF),
have turned out to be notable among the most proficient inno-
vations on the ground [25]. They deliver water as a separate
phase that can normally be released to a sewer without post-
treatment, and the oil phase can be reused [26]. Microfiltration
of oily wastewater can be regarded as a diverse and challenging
separation task, where the usage of ceramic membranes can
provide better solution in industrial processing schemes [27].
Ultrafiltration membranes are generally considered due to
their advantage in having small pores, which are useful for
rejection of oil droplets [28]. However, the cost of filtration
treatment can be further reduced by selecting microfiltration
membrane due to its operation at low trans-membrane pres-
sures and a higher yield of permeating flux as compared to
ultrafiltration membranes. Microfiltration has more serious
membrane fouling effects compared to ultrafiltration because
the oil droplets easily stick onto the membrane surface and
block the surface pores caused by its viscosity and deforma-Please cite this article in press as: K. Suresh, G. Pugazhenthi, Cross flow microfiltrati
composite membrane, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016tion. To minimize membrane fouling, the hydrophilic modifi-
cation of microfiltration membranes is considered as better
choice, which enhances the permeate flux due to hydrophilic
character of the membrane surface [29]. This hydrophilic nat-
ure of the surface is more helpful to repel oil droplets from
adhering to the membrane surface that contributes to minimize
the membrane fouling. Numerous materials such as titania
(TiO2), zirconia (ZrO2), alumina (Al2O3), and silica (SiO2),
have been used to enhance the hydrophilic character of the
membrane surface [20,30–34].
To the best of our information, the application of inexpen-
sive ceramic supports fabricated with low cost raw materials to
treat oily wastewater comprising of oil concentration below
250 mg/L in cross-flow filtration is scarce in the literature.
Hence, this work makes an effort to deal with this problem uti-
lizing low cost ceramic support. Ceramic support modified
using TiO2 coating by hydrothermal method is also the theme
of discourse in the present study. TiCl4 with help of NH4OH
solution forms TiO2 precipitation on the ceramic support in
the autoclave reactor. The precipitation distributes over the
ceramic support without formation of a new separation layer.
The modified ceramic support (called as TiO2 membrane) con-
firms the enhanced hydrophilic nature due to the nano scale
effect of the TiO2 coating. Finally, the separation ability of
ceramic support and TiO2 membrane is tested by microfiltra-
tion of synthetic oil-in-water emulsions in cross flow mode at
various effective parameters, for example cross flow velocity
and applied pressure.
2. Experimental
2.1. Materials
For the preparation of ceramic support, clay powders (feld-
spar, kaolin, pyrophyllite, ball clay and quartz) collected from
Kanpur, India were utilized. Polyvinyl alcohol (PVA; Molecu-
lar weight = 72,000), calcium carbonate (CaCO3), aluminum
chloride (99.5% pure, AlCl36H2O) and aqueous ammonia
solution (NH4OH, 25 wt.%) were supplied by Merck (I)
Ltd., Mumbai, India. Titanium tetrachloride (TiCl4, 99.5%
pure) was purchased from Loba Chemie, Mumbai, India.
Crude oil used in this work was procured from Indian Oil Cor-
poration Limited (IOCL), Guwahati, India. Water obtained
from Millipore System (model: ELIX-3) was used throughout
this work.
2.2. Manufacture of ceramic support
The preparation procedure employed for making ceramic sup-
port is similar to that present in the literature [35]. Firstly, the
required composition of clay powders (14.45 g kaolin, 14.73 g
pyrophyllite, 5.60 g feldspar, 17.58 g ball clay, 26.59 g quartz
and 17.14 g calcium carbonate) and 4 mL of polyvinyl alcohol
solution (2 wt.%) were mixed in a ball mill with rotation speed
of 40 rpm for 1200 s. Then the resulted powder mixture (22 g)
was taken in a homemade circular shaped mold (made up of
stainless steel) and then uni-axially pressed using hydraulic
press (make: Velan Engineering, Tamil Nadu, India; model:
200-10.11) at a pressure of 50 MPa. After that, the obtained
circular shaped ceramic supports (5 mm thickness and
55 mm in diameter) were first dried in hot air oven (make:on of oil-water emulsions using clay based ceramic membrane support and TiO2
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Cross flow microfiltration of oil-water emulsions 3Reico, India; model: ROV/DG) at 100 C for one day, further
at 200 C for one more day to remove complete moisture. The
dried supports were finally sintered in a muffle furnace (make:
LabTech, Korea; model: LEF-115P-2) at temperature of
950 C for about 6 h with a heating rate of 2 C/min. SiC abra-
sive paper (No. C-220) was used for polishing the support.
Water was used in an ultrasonic bath (make: Elma, India;
model: T 460) to clean the small particles released on ceramic
support while polishing.
2.3. Preparation of TiO2 membrane
TiO2 sol was prepared using titanium tetrachloride (99.5%
TiCl4) and ammonium hydroxide solution (NH4OH, 25 wt.
%) by co-precipitation method according to the procedure
reported elsewhere [36]. Firstly, 5 vol.% of TiCl4 solution
was prepared by the addition of titanium tetrachloride (TiCl4)
to water with continuous stirring at room temperature. The
precipitating agent, ammonium hydroxide solution was added
drop wise into the TiCl4 solution under stirring until the result-
ing solution pH reached to 9.0. The pH of the solution was
measured with the help of digital pH meter (make: Eutech,
India; model: pH 510). The above prepared TiO2 nanoparticle
suspension was poured into a beaker containing a dried cera-
mic support placed at the bottom of the beaker and the suspen-
sion was stirred at 100 rpm for 60 min. Finally, the suspension
along with the ceramic support was transferred to Teflon
coated stainless steel autoclave reactor and the tightly closed
reactor was placed in an oven for the hydrothermal treatment
at 160 C for 12 h. After the reaction, the TiO2 membrane and
the powder sample were removed from the reactor, washed
with water and dried at 110 C for 12 h. Finally, the membrane
and TiO2 powder were calcined at 400 C for 3 h at a heating
rate of 2 C/min in a muffle furnace.
2.4. Characterization
The particle size distribution of the raw materials of ceramic
support was performed by particle sizing machine (make: Mal-
vern, UK; model: Mastersizer 2000) in wet dispersion mode.
The particle size distribution (PSD) of the TiO2 sol was mea-
sured using Delsa nano C (make: Beckman Coulter, model:
Delsa nano C). The surface area and pore size of TiO2 particles
were done using N2 adsorption/desorption isotherm at 77 K
with the BET surface area and pore size analyzer (make: Quan-
tachrome, US; model: Autosorb-IQ MP). Prior to analysis, the
powder was degassed at 200 C in vacuum for 3 h. The raw
materials of the support were characterized by thermogravi-
metric analysis (TGA) to identify the thermal stability and
minimum sintering temperature required for the sintering pro-
cess. Thermal degradation behavior of as synthesized TiO2
powder was also analyzed in Netzsch thermo gravimetric ana-
lyzer (Make: Netzsch, Model: STA449F3A00) in argon atmo-
sphere at a temperature increment of 10 C/min. The X-ray
diffraction (XRD) analysis was acquired at 2h values of 10–
80 using a scanning rate of 0.05 C/s in an equipment (Make:
Bruker Model: D8 ADVANCE) with Cu Ka
(k= 0.154506 nm) radiation operating at 40 kV and 40 mA.
This analysis was carried out to recognize the scope of phase
change during the sintering. The microstructure of the ceramic
support and TiO2 membrane was analyzed by Field emissionPlease cite this article in press as: K. Suresh, G. Pugazhenthi, Cross flow microfiltrati
composite membrane, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016scanning electron microscope (FESEM) (make: Carl Zeiss,
UK; model: Sigma). Prior to analysis, a small size of the mem-
brane sample was fixed on top of the stub and layered with
gold using an auto fine coating instrument (make: JEOL,
Japan; model: JFC-1300).
Contact angle (CA) of the ceramic support and TiO2 mem-
brane was measured using Drop shape analyzer (make: Kruss,
Germany; model: DSA25) by sessile drop method with 4 lL
volume of water droplet at a falling rate of 0.16 mL/min and
frame rate at 16. Five measurements were carried out for each
membrane at different locations and the average value was
reported with standard error. Porosity (e) of the ceramic sup-
port and membrane was evaluated using the well-known
Archimedes’ principle [1]. The procedure for evaluating the
porosity is as follows: Initially, the membrane was kept for
drying in a hot air oven and the temperature of the oven
was maintained at 110 C for 6 h. This was done to evaporate
the moisture existing in the membrane and then, the dry weight
of the membrane (WD) was measured. After that, membrane
was immersed in water for 24 h. The membrane was taken
out and water on the outer surface was wiped with help of tis-
sue paper and wet weight (WW) of the membrane was deter-
mined. Finally, the membrane was immersed in water to take
its weight when the membrane was saturated with water
(WA). The below expression was used to calculate the porosity
of the support.
e ¼WW WD
WW WA ð1Þ
In order to evaluate the pore size of ceramic support and
membrane, the permeation of N2 gas through the support
and TiO2 membrane was carried out using an in-house made
permeation set up as shown in Fig. 1. The setup consists of a
tubular shaped hollow top dome ended with circular shape
(stainless steel) and at bottom, a circular shaped flat plate
has a facility to place the membrane inside the flat plate and
it was airtight by means of rubber gaskets. Then the setup
was pressurized at various applied pressures by using N2 gas
and the outlet gas flow rate was calculated by using digital
gas flow meter (Make: Agilent Technologies, Model: ADM
1000 Universal Gas Flowmeter), which was connected to the
outlet of the bottom flat plate. Each test was carried out at
25 C and before every test; the whole setup was checked for
air leakage by dipping the setup in the detergent solution con-
tained bucket. After ensuring that there is no leakage in the set
up, then N2 gas permeation test was performed. From the
nitrogen permeation experiments, the measured data corre-
sponding to flow rate (Q) versus applied pressure (DP) was
generated for ceramic support and membranes. The nitrogen
gas effective permeability factor (K) of ceramic support and
membrane was derived from the gas permeation data and aver-
age pore radius (rg) was calculated as follows [37]:
K ¼ 2:133 rgv
lq2
þ 1:6 r
2
g
lgq2
P ð2Þ
where P is the average pressure acting on the membrane, m
denotes the molecular mean velocity of the gas (m/s), g
describes the viscosity of gas (Pa s), q denotes the tortuosity,
l represents thickness of the membrane (m) and K denotes
the effective permeability factor.on of oil-water emulsions using clay based ceramic membrane support and TiO2
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Figure 1 Schematic of N2 gas permeation test setup (1-N2 gas cylinder, 2-pressure regulator, 3-connecting tube, 4-pressure gauge,
5-membrane, 6-rubber gasket, 7-top compartment, 8-bottom base plate, 9-flow control valve and 10-digital flow meter).
4 K. Suresh, G. PugazhenthiThe effective permeability factor is calculated using the fol-
lowing expression:
K ¼ P2Q
SDP
ð3Þ
where DP denotes the applied pressure, Q represents the volu-
metric flow rate (m3/s), P2 is the membrane pressure at perme-
ate side and S denotes the permeable area of the membrane.
The average pore size of the membrane can be obtained
from the following expression:
rg ¼ 1:333B
C
vg ð4Þ
where B and C are the intercept and slope, respectively, that is
obtained from the expression (2).
2.5. Cross flow microfiltration
A homemade cross flow setup was used to conduct experi-
ments at room temperature (25 C) as shown in Fig. 2. The
pure water flux of ceramic support and TiO2 membrane was
determined at three different applied pressures (69–207 kPa)
by keeping a constant cross flow velocity of 0.0885 m/s. The
experimental setup consists of peristaltic pump (make: Watson
Marlow, United Kingdom; model: 520Du) associated with a
power supply and the pump comprises of two pipes, one for
inlet and another for outlet. The inlet pipe was connected with
the feed tank and outlet pipe was connected with the mem-
brane module, which has the provision to keep a membrane.
A pressure gauge was placed with membrane module to
observe the inside pressure of the cell. The outlet pipe (reten-
tate) of membrane module was joined with adjustable valve;
and adjustable valve was associated with a flow meter to quan-
tify the outlet flow velocity of retentate. After that, the reten-
tate was transferred to the feed tank.
At the base of the membrane module, a smaller diameter
pipe was connected, from which the permeate solution was col-Please cite this article in press as: K. Suresh, G. Pugazhenthi, Cross flow microfiltrati
composite membrane, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016lected through glass beaker that was kept on weighing balance
to quantify permeate weight at distinctive time intervals. The
applied pressure was controlled by utilizing adjustable valve.
Before permeation study, water was passed through the mem-
brane at a higher pressure than the operating pressure to clear
away any loose particles existing in the path of pores. After
that, the pure water flux was calculated at various applied pres-
sures (69–207 kPa). At every applied pressure, the amount of
water collection through the membrane with time was
measured.
In order to prepare 200 mg/L of synthetic oil-water emul-
sion, the industrial crude oil and water were ultrasonically
mixed thoroughly with help of an ultrasonic bath (Make:
Elma, India, Model: T460) at room temperature for 15 h.
The droplet size of the oil in the prepared emulsion was deter-
mined using particle size analyzer (make: Malvern, UK;
model: Master Sizer 2000). The performance of the membrane
and ceramic support was tested with oil-water emulsion of
200 mg/L and the applied pressure between 69 and 207 kPa
at three cross flow velocities (0.0885–0.1769 m/s). The concen-
tration of oil in the feed and permeate samples was calculated
by evaluating the absorbance at a wavelength of 235 nm using
a UV-vis spectrophotometer (make: Thermo Scientific, United
States; model: Spectrascan UV-2300). After finishing of every
experimental run, the TiO2 membrane and ceramic support
were cleaned and regenerated according to the procedure
reported elsewhere [38].
The following expressions were employed to measure the
permeate flux (J) and oil rejection (R):
J ¼ V
ADT
ð5Þ
where A represents the filtration area of the membrane, V
denotes the volume of permeate collected and DT represents
the filtration time.
R ð%Þ ¼ Cf  Cp
Cf
 100 ð6Þon of oil-water emulsions using clay based ceramic membrane support and TiO2
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Figure 2 Cross flow microfiltration setup.
Cross flow microfiltration of oil-water emulsions 5where Cp denotes the concentrations of oil in permeate and Cf
indicates the oil concentration in the feed.
2.6. Membrane fouling analysis
The fouling of the membrane in cross flow microfiltration pro-
cess was studied with the help of intermediate pore blocking,
cake filtration, complete pore blocking and standard pore
blocking models [38–43].
(i) Complete pore blocking
Complete pore blocking happens when the solute particle
sizes are greater than the membrane pore sizes. Consequently,
pore blocking takes place over surface of the membrane and
not within the membrane pores.
lnðJ1Þ ¼ lnðJ10 Þ þ kbt ð7Þ
(ii) Standard pore blocking
Standard pore blocking assumes that the molecules pene-
trate into the pores of the membrane and deposit over the pore
walls because of the abnormality in the pore passages. Gener-
ally, standard pore blocking arises when the sizes of the solute
particles are smaller than membrane pore size and thereby,
pore blocking happens inside the membrane pores. In this
manner, the membrane pore volume reduces proportionally
to the filtered permeate volume.
J0:5 ¼ J0:50 þ kst ð8Þ
(iii) Intermediate pore blocking
Intermediate blocking arises when both the solute particles
and the membrane pores are similar in the size. For such a sce-
nario, it is expected that the solute molecules do not essentiallyPlease cite this article in press as: K. Suresh, G. Pugazhenthi, Cross flow microfiltrati
composite membrane, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016block the membrane pore and few particles may settle over
others. Hence, the non-blocked membrane surface area
reduced with time and a few molecules are relied upon to deter
the membrane pore passage without hindering the pore
completely.
J1 ¼ J10 þ kit ð9Þ
(iv) Cake filtration
Cake filtration relates to a situation where particles bigger
than the normal pore size aggregate on the membrane surface
and thus facilitate the development of a ‘‘cake”. The cake
develops with time and offers an extra porous barrier (and sub-
sequently hydraulic resistance) to the permeating liquid.
J2 ¼ J20 þ kct ð10Þ
The plot of J2 vs. t, J1 vs. t, J0.5 vs. t, and ln(J1) vs. t
shall be a straight-line with slope of kc, ki, ks and kb with y-
intercept of J2, J1, J0.5 and ln(J1) for cake filtration
model, intermediate pore blocking, standard pore blocking
and complete pore blocking, respectively. The fitness of any
one of the above models is based on the maximum value of
coefficient of correlation (R2) of the microfiltration permeation
data.
3. Results and discussion
3.1. Characterization of membrane
The particle size distribution (PSD) analysis was conducted to
determine the particle sizes of individual raw materials used for
the fabrication of ceramic support. The particle size would
have an effect on the porosity and pore size of the support.
Generally, coarse clay used for ceramic membrane fabricationon of oil-water emulsions using clay based ceramic membrane support and TiO2
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6 K. Suresh, G. Pugazhenthileads to give larger pore size membranes, whereas fine clay pro-
duces smaller pores in the membrane [44]. Fig. 3(a) depicts the
PSD of each raw material and its mixture used for the fabrica-
tion of ceramic support. It can be noticed that the particle size
of the mixture of the raw materials is in the range of 0.2–
75 lm. For the powder mixtures used for fabrication of cera-
mic support, the span value is found to be 3.125 with specific
surface area of 0.516 m2/g. This indicates that the clay mix-
tures used in this work offer good mixing and uniform distri-
bution between the particles that might result in better
microfiltration membrane support. The volume median diam-
eter d(0.5) for the mixture of raw materials is found to be
7.326 lm, which would yield satisfactory porous ceramic mem-
brane support. The d(0.5) of individual raw materials is found
to be 4.656, 22.925, 8.650, 6.460, 5.039, and 8.428 lm for kao-
lin, feldspar, quartz, CaCO3, ballclay and pyrophyllite, respec-
tively. The surface area of the raw materials varied in the order
of feldspar (0.315 m2/g) < pyrophyllite (0.379 m2/g) < ball-
clay (0.923 m2/g) < quartz (0.994 m2/g) < calcium carbonate
(1.610 m2/g) < kaolin (1.750 m2/g). This is also considered
while choosing the composition of the raw materials for man-
ufacturing of ceramic support. A series of literatures also
reported the utilization of a similar particle size distribution
of the clays for the fabrication of macroporous membrane sup-
port [1,35,38,42,43].
The TiO2 sol was characterized for the particle size distribu-
tion to know the uniformity of the particles and their size. This
particle size distribution is shown in Fig. 3(b). In the prepara-
tion of composite membrane, generally, smaller sized particles
deposit uniformly on the support in more quantity and block
the pores of the support and even some particles may penetrate
through larger pores. Sols with larger particle sizes may not
form uniformly on the support and mostly create patches on
the surface of the support. It can be noticed from Fig. 3(b) that
the particle sizes of the TiO2 sol are in the range of 0.3382–
0.4777 lm, while the volume median diameter is found to be
0.0162 lm for TiO2. The preparation of composite ceramic
membrane would be satisfied using the particle sizes of afore-
said range (0.3382–0.4777 lm).
Particles with higher BET surface area enable the deposi-
tion of TiO2 on ceramic support and contribute to enhance1 10 100
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Figure 3 Particle size distribution of (a) the raw materials
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composite membrane, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016the membrane separation efficiency. Fig. 4(a) presents the N2
adsorption-desorption isotherms of TiO2 powder. A linear
increase in the adsorbed volume with an increase in the relative
pressure (P/P0) from 0 to 0.7 is observed due to a monolayer-
multilayer adsorption on the pore walls. A steeper enhance-
ment is noticed when the relative pressure increases from 0.7
to 0.99, which may be due to capillary condensation of N2 in
the pore channels of TiO2 powder. It can be observed that
the isotherm is type IV with H2 hysteresis loop, according to
the International Union of Pure and Applied Chemistry
(IUPAC) classification. Then the obtained hysteresis loop indi-
cates the existence of a network of inter connected pores with
narrower pores. Fig. 4(b) represents Barrett-Joyner-Halenda
(BJH) pore size distribution of TiO2 powder, which is obtained
from desorption isotherm [45]. This also shows a unimodal dis-
tribution with pore radius of 0.15–7.36 nm for TiO2. More-
over, 90% of pores are smaller than 1.5 nm. Pore volume
and BET surface area of TiO2 powder are estimated to be
0.4495 mL/g and 200.29 m2/g, respectively.
TGA curves for individual raw materials used for support
fabrication are shown in Fig. 5(a). This demonstrates different
thermal degradation properties for various raw materials. The
weight loss of quartz is negligible and maximum weight loss
occurred for calcium carbonate due to the decomposition of
CaCO3 to CaO and CO2 [35]. This evolved CO2 amplifies
the pores formation on the support. The weight loss of kaolin
is attributed to the loss of structural hydroxyl groups owing to
the conversion of the kaolinite to metakaolinite. It can be
pointed out that the weight loss of all the raw materials is neg-
ligible at the temperature above 850 C. Therefore, the mini-
mum sintering temperature for the support preparation
should be above 850 C. Thus the sintering temperature of
950 C was used for the preparation of support having better
mechanical and thermal stability.
The thermogravimetric (TG) and differential thermogravi-
metric (DTG) curve for the TiO2 powder (before calcination)
is depicted in Fig. 5(b). The as-synthesized TiO2 powder
appears to undergo two different steps of weight loss due to
heating. The initial step of decomposition (<195 C) is due
to the release of physically absorbed water existing in the pores
of the powder. The second step of weight loss between 195 C0 250 500 750 1000
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Cross flow microfiltration of oil-water emulsions 7and 350 C is attributed to the structural change of the powder
from Ti(OH)4 to TiO2. After the temperature of 350 C, the
weight loss is negligible and hence, the calcination temperature
taken as 400 C for the preparation of TiO2 membrane is jus-
tified. It is observed from the DTG plot that an endothermic
peak at 290 C corresponds to the loss of crystallization of
the TiO2 powder by changing its structure from titanium
hydroxide to titanium dioxide [45].
The XRD patterns of ceramic support and TiO2 powder
(before and after calcination) are depicted in Fig. 6. Generally,
sintering produces a sequence of reactions of phase conver-
sions that cause to the production of new phases. Before sinter-
ing, support consists of five main phases, which are
pyrophyllite, kaolin, calcium carbonate, feldspar, and quartz.
Various phase conversions are observed in the support during
sintering. The important phase alteration is transformation of
kaolinite to mullite by means of metakaolinite. It is verified by
the disappearance of kaolin peaks in the support after sinter-Please cite this article in press as: K. Suresh, G. Pugazhenthi, Cross flow microfiltrati
composite membrane, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016ing. The peaks corresponding to the quartz appeared in both
supports, i.e., before and after sintering, indicating thermal
stability of the phase. It is also supported by TGA results
(see Fig. 5a), where there is no major weight loss observed
for quartz material. CaCO3 (calcium carbonate) peaks are also
transformed in the sintered support owing to conversion of
CaCO3 into CaO and CO2. A new phase, wollastonite
(CaSiO3) is formed in the sintered support by the reaction of
amorphous silica with CaO [1,35].
The XRD patterns of TiO2 powder (before and after calci-
nations) are shown in Fig. 6. For the TiO2 powder (after calci-
nation), several peaks (101), (004), (020), (015), (024) are
found at 2h values of 25.34, 37.79, 48.0, 53.88, 62.85,
respectively. These data are in good agreement with JCPDS
PDF File No. 21-1272 of anatase TiO2. The XRD patterns
of after calcination samples display more peaks in comparison
with before calcination sample and some peaks, including
(020) and (024) at diffraction angles (2h) of 48.0 andon of oil-water emulsions using clay based ceramic membrane support and TiO2
.10.007
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8 K. Suresh, G. Pugazhenthi62.80 are observed in Fig. 6. For both TiO2 powders (after
calcination and before calcination) only anatase peak is
observed in XRD analysis. A similar observation was also
reported by Muneer et al. [46] and Zhang et al. [36], for the
TiO2 powder that was calcined at 400 C. This XRD analysis
validates the formation of TiO2 powder with anatase phase.
FESEM images of the ceramic support and the TiO2 mem-
brane are shown in Fig. 7(a and b). It can be observed that
pore modification occurs on the ceramic support due to the
formation of TiO2 layer on the porous structure existed on
the membrane surface, despite undergoing surface modifica-
tion without formation of any defects (cracks and pinholes)
on the surface. This leads to alter the interaction between oil
droplets and the membrane surface and also affects the mem-
brane fouling. Hence, the TiO2 coated membrane is very much
useful to minimize the membrane fouling.
The pore size of the ceramic support and membrane is esti-
mated from FESEM images using ImageJ software (http://rs-
bweb.nih.gov/ij/download.html). The average pore size (Davg)
of the membrane is estimated using the below expression [35]:
Davg ¼
Pn
i¼1nidiPn
i¼1ni
ð11Þ
where di represents the diameter of the ith pore (lm), and ni
denotes the number of pores on the membrane and Davg
describes the average pore diameter of the membrane (lm).
It is apparent that the ceramic support and membrane have
different porous structure with pore sizes ranging betweenPlease cite this article in press as: K. Suresh, G. Pugazhenthi, Cross flow microfiltrati
composite membrane, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.20160.001 and 2.75 lm. The average pore size (with standard error)
of TiO2 membrane and the support are estimated to be 0.98
± 0.021 and 1.01 ± 0.036, respectively.
For the evaluation of porosity of the membrane, five exper-
iments were conducted using the same composition mem-
branes prepared at different batches and the average value
was reported with standard error. The porosity of the support
and TiO2 membrane is found to be 45.57 ± 0.65, 43.32
± 0.35%, respectively. These results elucidate that there is a
variation between support and membrane porosity, which is
due to the formation of TiO2 on support.
The contact angle measured between the liquid–solid inter-
face and liquid–gas interfaces is called as contact angle (h) of
sample (measured within the liquid). Based on rule of thumb,
if the liquid is said to wet the solid, then the contact angle (h) is
less than 90, whereas if the liquid is non-wetting the solid,
then the contact angle (h) is greater than 90. From a funda-
mental view point, the contact angle is dependent on the sur-
face energy and it characterizes the surface wettability. The
word, ‘‘wettability” defines the contact relation between the
liquid and the surface of the solid. This is due to the inter-
molecular interactions of both the surfaces, when they brought
closer to each other. The degree of wetting depends on energies
of its interfaces. It is the contact angle that characterizes the
degree of wetting. A contact angle of 0 represents a perfectly
wetting condition and h= 180 denotes a perfectly non-
wetting condition. For water on a hydrophilic solid, the dro-
plet will widely spread out on the solid surface and the contact
angle will be close to zero degree, whereas on a hydrophobicon of oil-water emulsions using clay based ceramic membrane support and TiO2
.10.007
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Figure 7 FESEM images top view (a and b), cross sectional view (c and d) and contact angle (e and f) of the ceramic support and TiO2
membrane.
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Cross flow microfiltration of oil-water emulsions 9solid, the water droplet will spread less. Less strongly hydro-
philic solids will have a contact angle up to 90 with water.
Nowadays, researchers have produced surfaces with contact
angle less than 90 and they are called hydrophilic surfaces
[47,48]. The contact angle and the wetting phenomenon have
attracted a large number of research projects due to their
applications in industries; such as in heat transfer with boiling
and condensation, oil recovery, lubrication, liquid coating,
painting, and spray quenching. Fig. 7(c and d) shows the con-
tact angle of the ceramic support and TiO2 membrane. The
contact angle of the TiO2 membrane is about 14.57 ± 0.54,
which is far smaller than that of ceramic support (77.07
± 2.37). This result points out that the prepared TiO2 mem-
brane is very hydrophilic in nature. As a result, the hydrophilic
membrane surface contributes to repel the oil droplets from
adhering onto the membrane surface, and hence it reduces
the membrane fouling.
The pore size of the ceramic support and TiO2 membrane
was also determined by N2 gas permeation study. Fig. 8
depicts the effective permeability factor versus average pres-
sure for the ceramic support and TiO2 membrane. The smallest
pore size and the lowest value of effective permeability factor
are noticed for the TiO2 membrane. The average pore size
obtained from N2 gas permeation is 0.981 ± 0.014 and
0.877 ± 0.029 lm for ceramic support and TiO2 membrane,
respectively, whereas the mean pore size of ceramic support
and TiO2 membrane determined from FESEM analysis isPlease cite this article in press as: K. Suresh, G. Pugazhenthi, Cross flow microfiltrati
composite membrane, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.20161.01 ± 0.036 and 0.98 ± 0.021 lm, respectively. The differ-
ence might be due to the fact that the FESEM analysis deals
only with the surface pores of the membrane, while gas perme-
ation study provides the size of inner pore channels (minimumon of oil-water emulsions using clay based ceramic membrane support and TiO2
.10.007
10 K. Suresh, G. Pugazhenthipassage, which is the neck of a funnel like shape, to pass
through the gas) of the membrane. The reduction in pore size
with the coating of TiO2 particles on ceramic support is
observed from both N2 gas permeation and FESEM image
analysis.
3.2. Determination of pure water flux in cross flow mode
Both ceramic support and TiO2 membrane were subjected to
evaluate their pure water permeate flux in cross flow mode.
The permeated pure water flux was calculated at different
applied pressures (69–207 kPa) with cross flow velocity of
0.0885 m/s for 30 min. Fig. 9 depicts the effect of applied pres-
sure on the water flux of ceramic support and TiO2 membrane.
As can be seen, the flux increases linearly with an increase in
the applied pressure, which is due to an enhancement of driv-
ing force with increasing pressure. The variation in pure water
flux depends on physical properties of the membrane, such as
hydrophilic nature of the membrane surface, pore size and
porosity [49,50]. The water flux of the TiO2 membrane is more
than that of ceramic support, which is due to modification of
the surface of the support from hydrophobic to hydrophilic
by TiO2 coating. Similar observations were also reported in lit-
erature for TiO2-Al2O3 and Al2O3-PVDF composite mem-
branes [51,52].
In the work of Yan et al. [52], the modified PVDF mem-
brane demonstrated superior water flux (123.547 L/m2 h at
0.1 MPa) than that of unmodified membrane (31.9767 L/
m2 h at 0.1 MPa). It is apparent that the coating of TiO2
nanoparticles on the support does not reduce the water flux
but increased the hydrophilic character of the surface of the
support. This hydrophilic nature contributes to increase the
flux of the membrane as compared to ceramic support. This
type of TiO2 membrane with high water flux is quite useful
for industrial applications [53]. It is worth to mention that
there is a difference in the average pore size of the support
and membrane as evidenced from N2 gas permeation analysis,
however, an increment in the water flux is due to the hydrophi-
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Please cite this article in press as: K. Suresh, G. Pugazhenthi, Cross flow microfiltrati
composite membrane, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.20163.3. Cross-flow microfiltration of oil-in-water emulsions
Oil-water emulsion with concentration of 200 mg/L was pre-
pared and utilized for microfiltration experiments. It is noticed
from Fig. 10 that the droplet size of emulsion is in the ranges of
0.05–100 lm for the concentration of 200 mg/L and the aver-
age diameter of droplet is found to be 6.928 lm. The separa-
tion potential of the membrane and ceramic support was
tested with the oil-water emulsion concentration of 200 mg/L
at various applied pressures ranging between 69 and 207 kPa
and different cross flow velocities in the ranges of 0.0885–
0.1769 m/s.
The variations of the permeate flux of support and TiO2
membrane with time for three different applied pressures and
three cross flow velocities (0.0885–0.1769 m/s) are shown in
Figs. 11 and 12, respectively. The transport resistance, which
arises as a result of concentration polarization and adsorption,
leads to the decline of permeate flux with an increment in filtra-
tion time. The membrane fouling arises due to the thin layer of
oil which sticks to the surface of the membrane. The rate of
flux decline is comparatively slow, due to the fact that slow
concentration polarization influences the rejection during the
process. The permeate flux increases with increasing applied
pressure, which is due to an enhancement of the driving force
across the membrane with increasing pressure.
At higher pressures, the rate of flux decline is more, which
can be seen in the obtained results. The reason for this trend is
quick formation of oil layer over the surface, which leads to
the fouling of the membrane. It is also evident from Figs. 11
and 12 that the flux decline increases with an increase in sepa-
ration time, which is due to the formation of oil layer and
blocking of the membrane pores. The rate of flux decline is
lower for TiO2 membrane in comparison with ceramic support
as evidenced from Figs. 11 and 12. This is mainly due to the
hydrophilic nature of the TiO2 membrane surface that prevents
the oil droplets penetrating into the membrane pores. At an
applied pressure of 207 kPa, the maximum permeate flux of
ceramic support and TiO2 membrane after 30 min of operation
is found to be 8.70  105 and 18.66  105 m/s, respectively.0 3 6 9 12 15 18 21 24 27 30 33
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Please cite this article in press as: K. Suresh, G. Pugazhenthi, Cross flow microfiltrati
composite membrane, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016This result proves the surface modification of the TiO2 mem-
brane with more hydrophilic characteristics.
The influence of cross flow velocity on permeate flux is mea-
sured by considering three different cross flow velocities viz.
0.0885, 0.1327 and 0.1769 m/s as shown in Figs. 11 and 12.
It is apparent that an increase in the cross flow velocity leads
to an improvement in permeates flux. An increment in the
cross flow velocity reduces the concentration polarization,
and also adds to enhance the shear stress on the surface of
the membrane, which diminishes the profundity of the oil layer
on the membrane surface. The permeate flux of ceramic sup-
port is inferior as compared to the TiO2 membrane during
the entire cross flow velocity investigation due to its hydropho-
bic nature. It is seen from this pattern that an increment in the
cross flow velocity decreases the development of cake layer on
the surface of the membrane. The highest permeate flux of
10.36  105 and 19.35  105 m/s is obtained at the begin-
ning of the filtration process for the ceramic support and
TiO2 membrane, respectively, with the cross flow velocity of
0.1769 m/s and an applied pressure of 207 kPa.
The variation of oil rejection with increasing applied pres-
sure is presented in Fig. 13. As evidenced from Fig. 13, the0 3 6 9 12 15 18 21 24 27 30 33
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12 K. Suresh, G. Pugazhenthirejection of ceramic support is found to be reduced marginally
with augmenting cross flow velocity. This is due to the fact that
increasing cross flow velocity reduces the formation of cake
layer on the surface of ceramic support. Therefore, the resis-
tance to the permeate flow decreases. When the cross flow
velocity increased, it leads to increase in the surface shear
stress, which in turn caused to decrease the surface cake layer
formation. This results in the reduction of the resistance to the
permeate flow. Owing to above reasons, some oil droplets pass
through the pores to reach the permeate stream, which results
in the decreased oil rejection. Similar observations were also
reported in the literature [35,48,54]. Additionally, a higher
cross flow velocity empowers droplets of the oil to deform its
shape due to flush of the feed.
On the other hand, no significant variation in the rejection
is observed with increasing applied pressure for the TiO2 mem-
brane. This is because of the impact of higher hydrophilic nat-
ure of the surface of the TiO2 membrane when compared to
ceramic support. This helps to repel the oil droplets from the
membrane surface [51,55]. As per the outcomes indicated in
Fig. 13, the fabricated TiO2 membrane offers better values ofPlease cite this article in press as: K. Suresh, G. Pugazhenthi, Cross flow microfiltrati
composite membrane, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016oil rejection. A maximum oil rejection of 99.94% is achieved
at an applied pressure of 69 kPa with TiO2 membrane. The
acquired results demonstrate that the dismissal of oil relies
on the pore size of the membrane and surface tendency. The
hydrophilic membrane shows more selectivity toward water
due to which, the permeate flux of the hydrophilic TiO2 mem-
brane is higher as compared to the hydrophobic support [56].
This reveals that the hydrophilic character and nanoparticle
coating on the support are responsible for both improved per-
meate flux and rejection of oil in the treatment of oil-water
emulsion. Extensive lab scale investigations were conducted
to evaluate cross flow microfiltration of oil-in-water emulsions
using ceramic support and TiO2 membrane with synthetic oil-
in-water emulsions. Overall summary is presented in Table 1.
Table 1 summarizes the most appropriate research findings
of this work along with the few competent literature data.
With careful observation of the table, the following can be out-
lined as the promising output of the work. It can be seen that
the permeate flux and oil removal efficiency for ceramic sup-
port varied from 2.3498 to 8.708  105 m3/m2 s and 99.55%
to 93.24%, respectively. Similarly for TiO2 membrane, theseon of oil-water emulsions using clay based ceramic membrane support and TiO2
.10.007
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Figure 13 The effect of applied pressure and cross flow velocity on rejection for ceramic support and TiO2 membrane.
Table 1 Comparison study of permeate flux and rejection data of present work with other membranes published in literature for
separation of oil-in-water emulsion.
Material Pore size
(lm)
Oil conc.
(mg/L)
Pressure
(kPa)
Cross flow
velocity (m/s)
Time
(h)
Permeate flux  106
(m3/m2 s)
Oil rejection
(%)
Author
Carbon
membrane
1.0 120 100 0.1 1.67 17.86 97.8 Song et al.
[57]
NaAl/a-Al2O3 1.20 100 100 0.01 10 16.67 98.8 Cui et al. [58]
Mullite
membrane
0.289 1000 300 1 2 11.11 94 Abbasi et al.
[59]
Kaolin,
quartz, etc.
0.285 125 69 – 1 5.40 98.4 Nandi et al.
[42]
a-Al2O3
membrane
0.80 250 69 0.24 2 8.33 99.9 Mueller et al.
[60]
ZrO2/a-Al2O3 1.0 5500 100 3–5 4 7.50 94.3 Yang et al.
[61]
a-Al2O3
membrane
0.20 141 125 2.25 1.5 80.55 97.8 Abadi et al.
[21]
Fly ash
membrane
0.77 2000 100 4 10 25.83 98.2 Fang et al.
[27]75 100 4 10 44.17 95.3
Clay
membrane
3.06 400 207 0.2688 0.5 44.1 88.35 Emani et al.
[43]2.16 400 207 0.1344 0.5 22.14 98.52
Clay
membrane
1.06 100 207 13.9  107 (m3/s) 1 55.4 87 Vasanth et al.
[38]
Ceramic
Support
1.00 200 207 0.1769 0.5 87.08 93.24 This work
TiO2
membrane
0.9 200 207 0.1769 0.5 186.60 99.56 This work
Cross flow microfiltration of oil-water emulsions 13parameters vary from 3.386to 18.660  105 (m3/m2 s) and
99.94% to 99.56%, respectively. Thus, it is apparent that the
microfiltration of oil using ceramic support provides lower per-
meate flux and oil removal (%) in comparison with TiO2 mem-
brane. This is due to the surface nature of the TiO2 membrane
and hydrophilic character influences the separation character-
istics. A comparative assessment of permeate flux and oil rejec-
tion obtained for ceramic support and TiO2 membrane as well
as literature data is presented in Table 1. Various clay mem-
branes have been used for the oil removal from synthetic oil-
in-water emulsions [38,43,57–60]. Also, existing literaturesPlease cite this article in press as: K. Suresh, G. Pugazhenthi, Cross flow microfiltrati
composite membrane, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016have focused toward the synthetic oil-in-water emulsions
whose chemical constitution is simpler in comparison with
the real industrial oily wastewater streams where solution
chemistry is bound to be complex [41]. Two important studies
in the literature have elaborated upon the application of fly ash
[27] and ZrO2 membrane [61]. For ZrO2 membrane, the oil
rejection (94.3%) has been reported to have lower than that
of the fly ash membrane (98.2%). This was not the case for
the clay membranes. However, despite having the lower rejec-
tion (87% and 88.35%) than fly ash membrane (98.2%), clay
membranes [38,43] were able to provide better permeate fluxon of oil-water emulsions using clay based ceramic membrane support and TiO2
.10.007
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Figure 14 Effect of pressure on four different pore blocking models. (j Complete pore blocking, d Standard pore blocking, ▲
Intermediate pore blocking, . Cake filtration).
14 K. Suresh, G. Pugazhenthi(55.4  106, 44.1  106 m3/m2 s) than those obtained with
the fly ash membrane (25.83  106 m3/m2 s). However, the
same has not been studied for the feed oil concentration. ThisPlease cite this article in press as: K. Suresh, G. Pugazhenthi, Cross flow microfiltrati
composite membrane, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016article summarizes the results obtained during the cross flow
microfiltration of oil-in-water emulsions for various mem-
branes. It is evident that the separation characteristics ofon of oil-water emulsions using clay based ceramic membrane support and TiO2
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Table 2 Model parameters acquired for distinctive pore blocking models with ceramic support and TiO2 composite membrane at
three pressures (Coefficient of correlation (R2), initial permeate flux (J0) and slopes (k)).
Model 69 kPa 138 kPa 207 kPa
R2 Slope (k) J0 (m/s) R
2 Slope (k) J0 (m/s) R
2 Slope (k) J0 (m/s)
Ceramic support
Complete 0.9236 0.00718 s1 2.90  105 0.9787 0.02396 s1 6.35  105 0.9422 0.00874 s1 6.84  105
Standard 0.9244 0.07805 s0.5 m0.5 2.91  105 0.9899 0.18136 s0.5 m0.5 6.53  105 0.9506 0.05635 s0.5 m0.5 6.86  105
Intermediate 0.925 0.27987 m1 2.92  105 0.9967 0.55274 m1 6.78  105 0.9584 0.14554 m1 6.88  105
Cake
filtration
0.9258 2.18682 s m2 2.94  105 0.9974 2.61507 s m2 7.89  105 0.9717 0.48678 s m2 6.93  105
TiO2 membrane
Complete 0.9661 0.00754 s1 4.23  105 0.9675 0.00401 s1 8.5  105 0.9678 0.00263 s1 12.6  105
Standard 0.9694 0.07805 s0.5 m0.5 4.24  105 0.9669 0.02248 s0.5 m0.5 8.51  105 0.9675 0.01196 s0.5 m0.5 12.6  105
Intermediate 0.9721 0.27987 m1 4.26  105 0.9663 0.05049 m1 8.51  105 0.9671 0.02177 m1 12.6  105
Cake
filtration
0.9758 2.18682 s m2 4.29  105 0.9648 0.01274 s m2 8.53  105 0.9663 0.0036 s m2 12.7  105
Cross flow microfiltration of oil-water emulsions 15TiO2 membrane are more than those evaluated for other mem-
branes (ZrO2, fly ash and clay membranes). For the optimized
choice of cross flow microfiltration parameters (cross flow
velocity of 0.1769 m/s, applied pressure of 207 kPa and opera-
tion time of 0.5 h), the TiO2 membrane provides permeate flux
and oil removal efficiency of 186.60  106 m3/m2 s and
99.56%, respectively for the feed oil concentration of
200 mg/L using cross flow microfiltration.
3.4. Analysis of fouling
Four distinctive filtration models were utilized to study the flux
decline of ceramic support and TiO2 composite membrane in
cross flow microfiltration of oil-water emulsions. These models
were fitted utilizing the filtration data obtained from ceramic
support and TiO2 membrane. Fig. 14 displays the correlation
of the distinctive pore blocking models for ceramic support
and TiO2 membrane at three applied pressures (69–207 kPa)
and a constant cross flow velocity of 0.0885 m/s. As evidenced,
the cake filtration model furnishes great concurrence with
experimental results at all applied pressures when contrasted
with alternate models for ceramic support. In the case of
TiO2 membrane, it is observed that the cake filtration model
is well fitted at lower pressure, while at higher applied pres-
sures, complete pore blocking model provides good agreement
with experimental values.
The model parameters, for example, permeate flux values
(J0 at t= 0), slope, correlation coefficient (R
2) obtained with
various models for ceramic support and TiO2 composite mem-
brane are presented in Table 2. It is noteworthy to mention
that the cake filtration model offers the highest R2 value for
ceramic support at all applied pressure. In case of TiO2 mem-
brane, the cake filtration model provides the highest R2 value
at lower pressure, and the complete pore blocking model gives
the best R2 value with increasing pressure. In this manner, it
can be presumed that the cake filtration model depicts well
the fouling mechanism for ceramic support and complete pore
blocking model for TiO2 membrane.
As per Emani et al. [43] observation, the cake filtration
model produced the highest R2 values to address the reduction
of flux values in the treatment of oil-water emulsions. In thePlease cite this article in press as: K. Suresh, G. Pugazhenthi, Cross flow microfiltrati
composite membrane, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016work reported by Vasanth et al. [38] four different models were
used for analyzing the experimental results and it was found
that the cake filtration model with kaolin based membrane
was considered to be the best model for representing the exper-
imental data. Table 2 also illustrates the value of model param-
eters (k) determined from various filtration models for ceramic
support and TiO2 membrane. The fouling severity parameter,
k in the Hermia’s model gives the physical significance as it
influences the fouling of the membranes. It can be understood
from Table 2 that for all the model fittings, the value of ‘k’ is
higher for ceramic support as compared to TiO2 membrane.
This can be explained by higher rate of fouling in ceramic
support.4. Conclusions
The uniaxial pressing method has been applied for the fabrica-
tion of porous ceramic support using clay mixture composition
of kaolin, quartz, ball clay, pyrophyllite, calcium carbonate
and feldspar. TiO2 ceramic composite membrane was fabri-
cated using inexpensive titanium tetrachloride by hydrother-
mal method. The surface character of the support was
modified from hydrophobic to hydrophilic, which is verified
by the contact angle measurements. The porosity of the sup-
port and TiO2 membrane is found to be 45.57 ± 0.65 and
43.32 ± 0.35%, respectively. The average pore size obtained
from N2 gas permeation is 0.981 ± 0.014 and 0.877
± 0.029 lm for ceramic support and TiO2 membrane, respec-
tively. Research findings clearly demonstrated that the TiO2
membrane offers better rejection and permeate flux than those
of the ceramic support in the separation of oil-water
emulsions.Acknowledgement
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